Groundwater abstracted from the sand-and siltstones of the Middle Devonian (D 2 ) aquifer system is the main source of drinking water in southern Estonia. Naturally high iron (Fe) concentrations are the greatest problem in this region, complicating to fulfil the EU requirements concerning the drinking water quality. The content of Fe tot exceeds the limit value of 0.2 mg/l set to the drinking water (98/83/EC) in 80% of the analyses. In places the Fe tot concentrations up to 26 mg/l have been detected. High Fe tot concentrations are mainly caused by high Fe 2+ contents in groundwater, referring to the domination of reducing conditions in aquifer system. In order to produce high-quality drinking water 4 different water treatment systems were used in 9 studied water treatment plants. Filter materials such as Manganese Greensand, Nevtraco and quartz sand were combined with aeration. The results of the study show that Fe tot content in abstracted groundwater (0.12-3.60 mg/l) was reduced to the level of 0.02-0.34 mg/l during the purification process. The systems with pre-aeration remove iron effectively, thus while the oxygen-poor conditions prevail in the D 2 aquifer system, pre-aeration is needed in order to increase the effectiveness of the purification process.
INTRODUCTION
Most of the drinking water in Estonia is abstracted from the sedimentary rocks which form a typical artesian basin with five aquifer systems. In some areas, due to the geological conditions, groundwater chemistry does not meet the drinking water quality standards. Silurian-Ordovician aquifer system consisting of limestone and dolomite is rich in fluorine and boron [1] , deep-seated terrigenous Cambrian-Vendian aquifer system exhibits high natural radionuclide concentrations [2] .
Groundwater abstracted from the sand-and siltstones of the Middle Devonian (D 2 ) aquifer system is the main source of drinking water in southern Estonia. Naturally high iron concentrations are the greatest problem in this region, complicating to fulfil the EU requirements concerning the drinking water quality. According to the EU directive 98/83/EC [3] and Estonian requirements for drinking water quality [4] , the limit value set for iron in tap water is 0.2 mg/l.
The quality of drinking water is a powerful environmental determinant of health, thus it should have good chemical properties. The deficiency or redundancy of some substance in drinking water may disturb physiological processes and cause illnesses. For example, exposure to long-term alimentary iron overload results in a positive serum iron balance, which, in turn, causes an increased oxidative stress [5] . In Estonia Fe concentration is above the limit value in 19.4% of water supply facilities. Besides, if present in water in excessive amounts, Fe compounds stain laundry and plumbing fixtures being an objectionable impurity in water supplies. For all those reasons, Fe determinations are commonly included in chemical analyses of water.
Iron is the second most abundant metal in the earth's crust, accounting for about 5% of it. Elemental iron is rarely found in nature, as it readily combines with oxygen-and sulphur-containing compounds to form oxides, hydroxides, carbonates and sulphides. Iron is most commonly found in nature in the form of its oxides [6] . The main natural sources of Fe in groundwater are the dissolution of iron-bearing minerals like magnetite, pyrite, siderite, amphiboles, pyroxenes, olivine, biotite, glauconite and smectite, and the reduction of Fe-oxyhydroxides as hematite (Fe 2 O 3 ) and goethite (FeO(OH)) and amorphous Fe(OH) 3 present in sediments [7, 8] .
The form or state in which Fe is found in groundwater is mainly dependent on the aquifer's oxygen balance. This is related to multiple environmental factors including the geological structure and characteristic of the aquifer, type of soil and bedrock, spices of Fe bacteria and the pattern of groundwater flow. Other important factors affecting Fe content in groundwater are the oxidation/reduction conditions and pH. Generally, the amount of dissolved chemical substances in groundwater increases with depth, because of the slower water exchange and a longer residence time in rocks. In anaerobic groundwater, where iron is in the form of Fe 2+ , concentrations will usually be 0.5-10 mg/l, but concentrations up to 50 mg/l can be found [7] .
In order to produce high-quality drinking water, excessive iron must be removed. The general treatment process for iron removal is basically achieved by aeration or adding oxidizing chemical compounds into water to convert the dissolved ferrous iron to an insoluble form of ferric iron, followed by filtering. The most efficient water treatment results are achieved when the purification method is chosen according to the local general groundwater chemistry. During the last ten years considerable investments have been directed into the installation of Fe removal systems in Estonia. However, there are still over 100 water supply systems, which do not fulfil the requirements of EU drinking water directive in respect to iron. The aims of the current research are to assess the concentrations of Fe in the D 2 aquifer system and examine the efficiency of its removal in water purification plants in south-eastern Estonia.
HYDROGEOLOGICAL SETTING OF THE STUDY AREA
The hydrostratigraphic cross section of the south-eastern Estonia starts with the Quaternary aquifer system, which is followed by the Upper Devonian, Middle Devonian, Middle-Lower Devonian, Ordovician-Cambrian and Cambrian-Vendian aquifer systems. The aquifer systems differ from each other in the distribution, bedding conditions, hydraulic parameters and chemical composition. Quaternary deposits, consisting predominantly of glacial till and glaciolacustrine sandy loam, form the uppermost aquifer system, which serves as a source of drinking water for most of the private households. In south-eastern Estonia groundwater for drinking purposes is mainly abstracted from the Middle Devonian aquifer system (Table 1) . 
The Upper Devonian aquifer system (D 3 ) consists of karstified and fissured dolomites and dolomitized limestones with total thickness of 17-25 m and is present only at 500 km 2 in south-eastern corner of Estonia. Due to its limited occurrence, the Upper Devonian aquifer system is used for the public water supply in a few places only.
The Middle Devonian aquifer system (D 2 ) is distributed over the whole southern Estonia and is the most important source of public water supply in this part of the country. It consists of terrigenous material -sand-and siltstones with interlayers of clayey and dolomitized sandstones of the Gauja, Burtnieki and Aruküla stages. The thickness of the aquifer system is up to 250 m and the absolute height of the potentiometric surface ranges from 50 to 130 m. The lateral conductivity of the aquifer system is predominantly 1-3 m/d. Groundwater in the D 2 aquifer system is mainly fresh, of HCO 3 -Ca-Mg chemical type with total dissolved solids of 0.2-0.6 g/l [9] .
The Middle-Lower Devonian (D 2-1 ) aquifer system is isolated from the overlying D 2 aquifer system by the Narva aquitard, but the water-bearing rocks consist also of finegrained weakly cemented sand-and siltstones.
WATER ANALYSES AND PURIFICATION SYSTEMS
A study was performed in south-eastern Estonia, where the effectiveness of 9 groundwater purification systems was investigated (Fig. 1) . All studied water supply plants use groundwater from the Middle Devonian aquifer system. Water samples for chemical analyses were collected before and after the purification process. Samples from groundwater abstraction wells (with the depth of 95-200 m) were taken only after stabilizing and measuring field parameters (temperature, pH, O 2 content). The concentrations of total iron (Fe tot ) and Fe 2+ in water samples were determined in the Laboratory of Estonian Environmental Research Centre. In order to describe the occurrence of iron in the Middle Devonian aquifer system, the hydrochemical database of the Estonian Environmental Agency was used. It contains 2165 groundwater chemistry analyses, including iron determinations from the Tartu, Valga, Põlva and Võru Counties. Fig. 1 . Location of the study area on the background of schematic geological map (A), geological cross section of Estonia (N-S) (B), the spatial distribution of total iron in Middle-Devonian aquifer system and the locations of the studied treatment plants in south-eastern Estonia (C). The numbering of the purification systems is in accordance with the Table 2 .
Four water treatment methods were used in the studied water treatment plants (Table 2) . Method 1. The purification system consists of aeration and a quartz sand iron filter. The system is designed as simple aeration -water is saturated with oxygen and ferrous iron is oxidized to ferric iron, which sticks to the quartz sand filling in filters. The removal of iron depends on the amount of ferric iron on the surface of sand granules, velocity of the water flow in the filter, which determines the duration of the contact, amount of the oxygen added into water and the overall concentration of iron in groundwater.
Method 2. The main body of the purification system is the Manganese Greensand filter. Manganese Greensand is natural or industrial material composed of aluminosilicate, which is treated with MnCl 2 and regenerated with KMnO 4 . Iron is precipitated directly by greensand in a redox reaction.
Method 3. The purification system consists of aeration and the Manganese Greensand iron filter. Oxygenated water is pumped through granulated filter material which acts as catalyst. Ferrous iron oxidizes to ferric iron and precipitates between the granules.
Method 4. The main body of the purification system is the Nevtraco iron filter, which consists of CaCO 3 (calcite) and works with the pH in between 5.8 and 7.0.
All the purification systems need regular backwash and in some cases regeneration for restoring the oxidizing capacity of the filter bed.
RESULTS AND DISCUSSION
Previous study by Hiiob and Karro [10] has shown that the problems related to the drinking water quality in Võru County locating in north-eastern corner of Estonia (Fig.  1 ), are associated with high iron, hydrogen sulphide (H 2 S) and manganese concentrations in groundwater. However, the same quality problems are common in whole southern Estonia, where terrigenous rocks of Devonian age are presented in uppermost part of the geological cross section and water for drinking purposes is abstracted from Middle and Middle-Lower Devonian aquifer systems (Table 1) . In this region, during infiltration through a clayey and mostly thick layer of Quaternary sediments, water is depleted of oxygen and the environmental conditions change form oxidative to reductive in deeper parts of the geological profile. The indicators of the anoxic environment are high concentrations of Fe
2+
, H 2 S and NH 4 + in groundwater. On the other hand, high concentrations of those compounds in drinking water may also be related to the technical condition of the water supply system -depreciated wells and water pipes. Water consumption has decreased in Estonia over the years, so water often remains in the pipeline and damages the water supply system. The slower water exchange leads to higher Fe 2+ concentrations and presence of H 2 S as a result of the SO 4 2-reduction by anaerobic bacteria.
The groundwater chemistry monitoring data are recorded in the database of the Estonian Environment Agency. According to the 2165 groundwater analyses from 1645 water supply wells in study area, the concentration of Fe tot exceeds the limit value set to drinking water (0.2 mg/l) in 1750 cases. Total iron concentrations as high as 26 mg/l have been determined in wells abstracting water from the Middle Devonian aquifer system in places.
The spatial distribution of total iron concentrations is delineated in Fig. 1C . In spite of the fact that the naturally high iron contents are found in whole aquifer system, the analysis of the regional distribution of total iron concentration shows some variations between different parts of the study area. Preliminary comparison of water chemistry data and the topography of land surface show that high iron areas in south-eastern Estonia coincide with topographically low regions. For example, the highest detected iron values occur in eastern part of Põlva County, which forms a part of the Peipsi Lowland and acts as a discharge area for groundwater. The lowest average Fe concentrations are present in recharge areas, which in studied region are represented by Otepää and Haania Heights. Infiltrated aerobic groundwater becomes along a deep flow path anaerobic and Fe 3+ reducing. Such redox environment corresponds to the downgradient increase in dissolved Fe concentrations. The results of chemical analyses show that high Fe tot concentrations are mainly caused by high Fe 2+ contents in water (Fig. 2) , which points to the domination of reducing conditions in the D 2 aquifer system. Generally, the amount of dissolved chemical substances in groundwater increases with depth because of the slower water exchange and a longer residence time in rocks. However, the comparison of drilled well construction data and groundwater chemistry shows that there is no direct connection between the depth of the well and the iron concentration in abstracted groundwater (Fig. 2) . Thus, high iron contents could be found through the whole of the 250 m thick aquifer system. Therefore, the understanding of hydrochemical behaviour and the identification of geological sources of iron in D 2 aquifer system needs detail sampling and chemical analyzing of aquiferforming rocks and further complex assessment of the results of rock and groundwater analyses and hydrodynamic background.
Comparison with earlier study in Võru County [10] shows that the awareness concerning the maintenance of treatment facilities has been increased, which is reflected in better results in water cleaning (Table 3) . Water treatment facilities convert the dissolved forms of Fe into insoluble forms so that they could be filtered out. In all studied water treatments plants the concentration of iron was lowered during the purification (Fig. 3, Table 3 ). Table 2 .
In two purification plants, Luke and Puka, the iron was not reduced to the required level of 0.2 mg/l. In Puka the iron concentration in groundwater entering the purification system was the highest (3.60 mg/l) and the reduction of iron was 93%, but the limit value was not reached. One of the reasons could be that in Puka no pre-aeration is used and there is not enough oxygen to complete the oxidizing process. In Luke pre-aeration is used, but still the iron concentration after treatment is 0.34 mg/l. Although the iron concentration reduction is 85%, the reason why required level was not achieved could be that the filter material needs backwash which can raise the filter efficiency.
Often the oxygen concentration in groundwater is close to zero, which makes preaeration very important. The results of the analysis show that in the systems with preaeration purify groundwater from iron more effective (Fig. 3) and the purification quality does not depend considerably on the type of the filter material.
CONCLUSIONS
Drinking water supply of south-eastern Estonian population is based on the Middle Devonian aquifer system. The main water quality problem is high iron content in abstracted water, which in places reaches up to 26 mg/l. The concentration of Fe tot exceeds the limit value of 0.2 mg/l set to the drinking water in 80% of the analysed 2165 groundwater samples. High Fe tot concentrations are mainly caused by high Fe 2+ contents in water, pointing to the domination of reducing conditions in the D 2 aquifer system. The lowest Fe concentrations are present in recharge areas and highest in discharge areas referring to the increase in dissolved Fe concentrations along the groundwater flow path. Water treatment facilities ferrous iron is oxidized to ferric iron so that it could be filtered out. Four different water treatment systems were used in 9 studied water treatment plants. Filter materials such as Manganese Greensand, Nevtraco and quartz sand were combined with aeration. From 9 studied water treatment plants 7 achieved the reduction of iron concentration to the level corresponding to the drinking water requirement (0.2 mg/l). The results of the study show, that the purification efficiency is not dependent substantially on the type of the filter material, but the treatment systems with pre-aeration purify groundwater form iron more effectively. In order to avoid or eliminate the water quality problems, it is necessary to continue to study the relationship between groundwater chemistry and aquifer-forming rocks. Drinking water supply wells with high iron concentration should be monitored and, if needed, water treatment should be provided. Drinking water quality has improved during the last years in water supply systems of cities, however in rural areas where smaller number of consumers is connected with central water supply system further investments should be directed into the water purification systems in order to fulfil the requirements of EU drinking water directive in respect to iron.
